Mycoplasmas are wall-less prokaryotes phylogenetically related to gram-positive bacteria. In order to investigate DNA recombination in these organisms, we 
Mycoplasmas (class Mollicutes) are wall-less prokaryotes that have evolved from gram-positive bacteria and are taxonomically divided into the six genera Acholeplasma, Spiroplasma, Mycoplasma, Anaeroplasma, Ureaplasma, and Asteroleplasma (5) . Many mycoplasmas are animal or plant pathogens, usually causing a chronic, difficult-to-eradicate disease. Although the basis for the chronicity of mycoplasmal diseases is largely unknown, it is clear that some, perhaps many, mycoplasmal species undergo high-frequency phenotypic switching phenomena involving variable surface antigens that may contribute to the ability of these organisms to evade host defenses (5, 8, 15, 30, 31) . The mechanism(s) of phenotypic variation in mycoplasmas is unknown, but mechanisms of similar phenomena in other bacterial systems often involve genetic recombination (35) . Because several mycoplasmas have been shown to contain repetitive sequences, sometimes involving sequences encoding surface antigens (4, 39) , homologous recombination may be one of the mechanisms by which these cells undergo phenotypic variation.
There are several pathways of homologous recombination in Escherichia coli, all of which require the recA gene product (22, 25) . Although little is known about DNA recombination in mycoplasmas, homologous recombination has been demonstrated in the species Mycoplasma pulmonis (18) . We assume that mycoplasmas in general have a gene analogous to recA, and we describe here the isolation and DNA sequence of the recA gene from Acholeplasma laidlawii. For mycoplasmas for which genetic transformation methods have been developed, the isolation of recA genes should allow the construction of recA mutants through the use of integrative vectors (18) . Mutants deficient in homologous recombination would clarify the role this recombinative pathway plays in mycoplasmal phenotypic variation and in the chronicity of mycoplasmal diseases. Surprisingly, the data described here indicate that one of the strains of A. laidlawii chosen for this study, strain 8195, is already a recA mutant.
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MATERIALS AND METHODS
Strains, bacteriophages, plasmids, and media. The strains, bacteriophages, and plasmids used are listed in Table 1 . All organisms were grown at 37°C. A. laidlawii, Bacillus subtilis, and E. coli were grown in mycoplasma medium (7), brain heart infusion broth (Difco Laboratories, Detroit, Mich.), and LB medium (32) , respectively. Phage lysates were prepared by induction of lysogenic strains ofB. subtilis with 0.5 ,ug of mitomycin C (Sigma Chemical Co., St. Louis, Mo.) per ml, as previously described (20) . Plasmids were maintained in E. coli by using 50 ,ug of ampicillin per ml or 1,000 jxg of erythromycin per ml for selection.
DNA isolation. Mycoplasmal DNA was isolated as described elsewhere (6) . Plasmid DNA was isolated from E. coli by using the alkaline lysis method (32) and further purified by CsCI-ethidium bromide density gradient centrifugation (32) . A generous supply of purified phage 4lO5Rec4il DNA, given to us by R. E. Yasbin, was sufficient for most of the experiments described here. However, we isolated additional j105Rec4il DNA as well as phage 41i05J23 DNA by phenol extraction of purified phage particles, as previously described (20) .
DNA manipulations and hybridizations. Restriction enzymes and T4 DNA ligase were used according to the specifications of the supplier (GIBCO/BRL Life Technologies Inc., Gaithersburg, Md.). Conditions for agarose gel electrophoresis (0.8% agarose gels were used), Southern transfer of DNA onto nitrocellulose membranes, and labeling of DNA probes with 32P by nick translation were as previously described (32) . DNA fragments were recovered from agarose gels by electrophoresis onto DEAE-cellulose paper (32) . The Gene Pulser from Bio-Rad Laboratories (Richmond, Calif.) was used to transform E. coli by electroporation with conditions recommended by the manufacturer. Hybridization conditions were typical (32) except that the stringency was reduced by decreasing the concentration of formamide from 50 to 30%, and the final steps for blot washings were at 45 instead of 68°C. Colony hybridization experiments (32) were also performed with these reduced stringency conditions. DNA sequencing was performed by the dideoxynucleotide Mycoplasmal DNA was enzymatically amplified by the polymerase chain reaction (PCR) with conditions recommended by the supplier of Taq DNA Polymerase and buffer (Perkin-Elmer-Cetus Corp., Norwalk, Conn.). Reaction mixtures, including 20 pmol of each primer, were subjected to 30 cycles of 1 min at 94°C, 1 min at 55°C, and 1 min at 72°C by using the Programmable Thermal Cycler from MJ Research (Watertown, Mass.). The left primer (see Fig. 2 ) was 5'-GGTACTGGTATTTCTAGAAGTGG-3' and the right primer was 5'-GCTCTGCAGTGGTGATAGTTTCACC-3' (sequences not homologous to the target DNA and incorporated into the primer for cloning purposes are underlined). Amplification products were cloned by using the internal XbaI site contained within the left primer and the PstI site present in the 5' region of the right primer, with conditions described elsewhere (34) .
UV survival measurements. A. laidlawii cells were grown to a density of about 108 cells per ml, harvested by centrifugation (3.5 min in a microcentrifuge at 14,000 x g), washed in phosphate-buffered saline (1.9 mM NaH2PO4, 8.4 mM Na2HPO4, and 150 mM NaCl), and suspended in PBS at a density of about 108 cells per ml. One-milliliter samples were placed in the bottom of sterile petri dishes and irradiated with the model 1800 UV Stratalinker (Stratagene Cloning Systems, La Jolla, Calif.). Samples were serially diluted and assayed for CFU in the dark.
Assay for homologous recombination in E. coli. Recombination proficiency was determined with E. coli JC14604. This strain contains a duplication of the lacZ region and is a recA mutant. Each copy of the lacZ gene contains a missense mutation and therefore expresses a LacZ-phenotype. Introduction of a plasmid containing a complementing recA gene into JC14604, allowing homologous recombination to occur, results in the appearance of Lac+ papillae after 48 h of incubation on lactose MacConkey agar (3, 13 (Fig. 2) . Sequencing of the inserts within these subclones was initiated, and homology between one end of each insert and the B. subtilis recA gene was apparent (see Fig. 3 for recA alignments). The region of each subclone having homology to recA (gray regions in Fig. 2 ) was sequenced. We also sequenced the XbaI junction in the original p8195recA clone, to make sure that no mistakes were introduced in the sequence as a result of subcloning. The complete sequence of the putative strain 8195 recA gene is given in Fig. 3 .
Evidence for a nonsense mutation in the strain 8195 recA gene. The recA gene from strain 8195 had substantial homology to the recA gene from B. subtilis, particularly from the showing that the first termination codon was not introduced into the sequence during cloning or growth in E. coli.
G E Q A L D I A E A L I K S GS 1 DM I V I
To examine the termination codons in the recA gene of other strains of A. laidlawii, the 3'-terminal region of the recA gene from strains JAl and K2 was PCR amplified and cloned. Strain 8195 is derived from strain JAl (as discussed below), but strain K2 is unrelated to strains JAl and 8195. The same primers described above for amplification of strain 8195 DNA were also used to amplify DNA from strains K2 and JAl, and a schematic of the cloned PCR product from strain JAl, designated pJAlrecAIXP, is given in Fig. 2 . The amplified region of the recA gene from strains JAl and K2 had identical sequences, indicating a remarkably high degree of conservation. The recA sequence of these two strains was also identical to the sequence of the strain 8195 gene, except for the first termination codon. Instead of the T nucleotide present in strain 8195 and shown in Fig. 3 at position 886 (Fig. 4) . Strain K2 was also more UV sensitive than pJAlrecA was difficult to maintain in JC14604, although the plasmid isolated from strain JC14604 did have the same restriction map as pJAlrecA isolated from strain JM103. However, when transformed back into strain JC14604, the ng previous results of Poddar et al. (27) .
plasmid isolated from strain JC14604 yielded transformants ivity of strain 8195 to UV irradiation with a normal colony morphology. These results suggest that onsense mutation within its recA gene the recA gene in pJAlrecA was detrimental (perhaps lethal) e gene product.
to growth of strain JC14604 and that mutations occurred in the A. laidlawii recA gene. The recA gene the plasmid during cell growth that counteracted this effect. highly homologous to recA genes from pJAlrecA did not seem to have a dramatic effect on growth As expected for a coding sequence, a of the recA+ strain JM103. putative ribosomal binding site (36) is located upstream from the initiation codon (Fig. 3) . The wild-type A. laidlawii recA gene, with a G nucleotide at position 886, has a coding region (including initiation and termination codons) containing 996 nucleotide residues. Like most mycoplasmal genes, the base composition is A -T rich; the combined G + C content is 37.4%. The wild-type gene should encode a polypeptide containing 331 amino acids (shorter than the B. subtilis RecA protein by 17 amino acids) with 225 (68%) of them being identical to the corresponding amino acids in the B. subtilis protein (Fig. 3) . Similarly, 198 (64%) of the predicted amino acids of the A. laidlawii RecA protein are identical to the corresponding amino acids in the E. coli protein (33) . Conserved regions include domains thought to be involved with nucleotide binding (14) and single-stranded DNA binding (28) . As is the case with alignments of gram-negative bacterial recA sequences to one another (22) , gene conservation is weakest at the extreme 3' end of the coding region. One unusual feature of the A. laidlawii protein is that it lacks the acidic carboxyl terminus typical of RecA proteins (25) .
Phenotype of E. coli containing the A. laidlawii recA gene. Experiments were undertaken to determine whether the A. laidlawii recA gene would complement E. coli recA mutants. First, it was necessary to construct a plasmid, pJAlrecA, containing the entire wild-type recA sequence lacking the nonsense mutation present in p8195recA. pJAlrecA was constructed by ligating the XbaI insert from p8195recA/X5 into the XbaI site of plasmid pJAlrecA/XP (Fig. 2) . The ligation product was transformed into E. coli JM103, and a transformant containing the desired construct including the entire coding region for the recA gene was obtained. The restriction map of the construct, particularly in regards to the location of the ClaI site, was determined to confirm that the orientation of the insert was correct.
RecA activity was assessed by measuring recombination proficiency in E. coli JC14604. Greater than 10% of strain
DISCUSSION
The DNA sequence and UV survival data described here indicate that A. laidlawii 8195 is a recA mutant of strain JAl. Strain 8195 was actually derived from strain REP-, a mutant of JAl that is resistant to mycoplasma viruses that have single-stranded DNA genomes (24) . The basis for virus resistance in strain REP-is unknown, but it apparently involves a defect in DNA replication. Strain 8195 is a mutant of strain REP-that also has a virus-resistant phenotype, but strain 8195 additionally lacks the wild-type restriction system (37) . This novel system restricts DNA containing 5-methylcytosine, without any additional sequence specificity. Because strain 8195 is apparently both a recA mutant and restriction minus, it should be valuable as a recipient for gene transfer studies.
We assume the nonsense mutation in the recA gene is responsible for the sensitivity of strain 8195 to UV irradiation, but whether this mutation is involved in the other known phenotypic traits of this strain is unclear. Strain REP-is also relatively sensitive to UV irradiation (24 (19) . They have undergone a significant reduction in genome size (the A. laidlawii genome is about 1,600 kb) that has resulted in the loss of several metabolic pathways, including pathways for purine and pyrimidine biosynthesis and cell wall production. It is interesting that during evolution these cells dispensed with major metabolic pathways but not with recA. Another unusual feature of mycoplasmas is that these organisms are apparently undergoing evolution at a more rapid rate than most bacteria, as evidenced by the degree of divergence in mycoplasmal rRNA genes (40, 42) . Nevertheless, the A. laidlawii RecA protein is highly homologous (>60% identity) to other bacterial RecA proteins, indicating a strong selection pressure to conserve this amino acid sequence.
There may be significant differences in the regulation of gram-positive bacterial and gram-negative bacterial recA genes. To our knowledge, the A. laidlawii recA gene is the only gram-positive bacterial recA gene other than the B. subtilis gene to be cloned and sequenced. Subcloning of the B. subtilis recA gene into a gram-negative bacterial vector has not been reported. Attempts undertaken in our laboratory (unpublished data) to subclone the B. subtilis gene with the vector pUC18 and recA mutant host strains of E. coli were unsuccessful, suggesting that the B. subtilis RecA protein may be deleterious to growth of E. coli. Similarly, maintenance of the putatively wild-type A. laidlawii recA gene contained in pJAlrecA was difficult in a recA mutant strain of E. coli, suggesting that this gene product may also be deleterious to growth of E. coli. In contrast, recA genes from numerous gram-negative bacteria can complement E. coli recA mutants without adversely affecting growth of host cells (22) . Because of the extensive homology between gram-positive and gram-negative bacterial recA gene products, it seems unlikely that these proteins have major functional differences. However, as is discussed below in the case of A. laidlawii, gram-positive bacterial recA genes may be improperly regulated in E. coli.
The recA gene on pJAlrecA was deleterious to growth of the recA mutant E. coli JC14604, but this plasmid could be maintained in the recA+ E. coli JM103. Although we 
